Caspases, cysteine proteases with aspartate specificity, are key players in programmed cell death across the metazoan lineage. Hundreds of apoptotic caspase substrates have been identified in human cells. Some have been extensively characterized, revealing key functional nodes for apoptosis signaling and important drug targets in cancer. But the functional significance of most cuts remains mysterious. We set out to better understand the importance of caspase cleavage specificity in apoptosis by asking which cleavage events are conserved across metazoan model species. Using N-terminal labeling followed by mass spectrometry, we identified 257 caspase cleavage sites in mouse, 130 in Drosophila, and 50 in Caenorhabditis elegans. The large majority of the caspase cut sites identified in mouse proteins were found conserved in human orthologs. However, while many of the same proteins targeted in the more distantly related species were cleaved in human orthologs, the exact sites were often different. Furthermore, similar functional pathways are targeted by caspases in all four species. Our data suggest a model for the evolution of apoptotic caspase specificity that highlights the hierarchical importance of functional pathways over specific proteins, and proteins over their specific cleavage site motifs. Apoptosis, a form of programmed cell death, is conserved across the metazoan lineage, and is crucial for removing harmful or unneeded cells from a healthy animal body. Apoptosis has been extensively studied in several model organisms, including mouse, Drosophila, and Caenorhabditis elegans. While some differences in the early stages of the pathway exist, 1 in all cases the later stages involve strong activation of one or more caspases, cysteine class proteases with exquisite specificity for cleavage after aspartic acid.
Apoptosis, a form of programmed cell death, is conserved across the metazoan lineage, and is crucial for removing harmful or unneeded cells from a healthy animal body. Apoptosis has been extensively studied in several model organisms, including mouse, Drosophila, and Caenorhabditis elegans. While some differences in the early stages of the pathway exist, 1 in all cases the later stages involve strong activation of one or more caspases, cysteine class proteases with exquisite specificity for cleavage after aspartic acid.
To better understand how caspase activation leads to cell death, there has been considerable interest in identifying protein substrates of apoptotic caspases in human cells [2] [3] [4] [5] (reviewed in Crawford and Wells 6 ). Most substrates are cleaved at a single site in a loop or disordered region, and the cut may cause a gain or loss of function, or may have no effect. Detailed molecular studies have established important roles of some substrates; many are key players, and sometimes good drug targets or biomarkers, in cancer and other diseases of apoptosis misregulation. 6 But for the vast majority of cleavages, the functional significance is unknown.
We have used a subtiligase N-terminal labeling strategy to identify caspase cleavages in three metazoan model organisms (mouse, Drosophila, and C. elegans) representing roughly 600 million years of evolution 7 ( Figures 1a and b) . We base our analysis of evolutionary conservation on a data set of 1444 human caspase substrates, generated in our lab. Though there are inevitably some gaps in this human list, we believe it is large enough to reveal important general patterns. Our model organism data sets are much smaller, so we are unable to evaluate the conservation of every known human caspase substrate. However, the majority of caspase cleavage sites discovered in mouse, roughly half in Drosophila, and one third in C. elegans, were in orthologs of human proteins known to be caspase substrates, suggesting that many cuts are indeed strongly conserved and thus likely to be functional. Notably, in many cases the cleavages occurred at different places in the two orthologs, often with the essential cleavage site Asp residue having been lost in humans. This is consistent with the tendency of short linear motifs to be lost over long evolutionary distances.
Furthermore, pathway analysis showed that mouse, Drosophila, or C. elegans caspase substrates not conserved at the protein level often have a human ortholog with membership in a pathway known to be heavily targeted by human caspases. These findings suggest a hierarchical model of functional evolution: specific caspase cleavage motifs tend to be conserved only over short evolutionary distances; the set of protein caspase substrates is more conserved over longer distances; and the set of pathways targeted by caspases, even more conserved over even longer distances. Throughout this report, we refer to these three evolutionary modes as motif level, protein level, and pathway level conservation. A similar hierarchical conservation model has recently been proposed for the case of phosphorylation, another important post-translational modification. 9 
Results

Data collection
Human reference data set: We previously developed a technique for proteome-scale positive enrichment of N-termini liberated by proteolysis, using the enzyme subtiligase. 4 This method was employed using various combinations of eight different human cell lines treated with any of five different apoptosis-inducing compounds, leading to identification of 2021 Asp cleavage sites in 1444 proteins (published in Mahrus et al., 4 Shimbo et al., 10 and Crawford & Seaman et al., in preparation). We are confident implicating caspases in these cuts, as caspases are virtually unique in having a strong preference for Asp at the P1 position (Schechter and Berger 11 protease notation; proteolysis occurs between the P1 and P1 0 residues). To determine how robust our human data set is to variations in protein abundance, we consulted the PaxDB database, 12, 13 which lists relative protein abundance levels based on spectral counting data drawn from many mass spectrometry data sets. As Figure 1c shows, our coverage extends over more than six orders of magnitude of ppm, although representation is thinner at lower abundance levels.
At least 300 additional caspase substrates were not detected in our data, but have been described elsewhere. Many of these are listed in the MEROPS peptidase database. 5 As cleavage site location validation varies greatly among MEROPS's sources, we chose not to include these data in our analyses. However, in Supplementary Table 1 we note 20 human orthologs that are identified in MEROPS as substrates of one of the apoptotic effector caspases (caspases-3, -6, and -7). Only one MEROPS cleavage site Figure 1 (a) For human, mouse, and Drosophila experiments, cell lines were grown under standard culture conditions, and induced to apoptose using various toxic agents. The apoptotic cells were lysed, and the subtiligase labeling method was used to enrich for N-termini generated during apoptosis. (b) For C. elegans, whole worms were homogenized, cuticles and other debris were spun out, and the resulting lysate was treated with exogenously expressed CED-3 for 2 h at room temperature. The subtiligase labeling method was again used to enrich for unblocked N-termini, in this case many of them derived from the added protease. (c) Abundance levels of all human proteins in the PaxDB database were plotted on a log scale in blue, and levels of the human proteins identified as caspase substrates in our human reference data set are plotted in red. Inset shows a histogram derived from the same data promotes an orthologous pair from not conserved to conserved at the motif level (IL16_HUMAN and IL16_MOUSE). Two additional orthologous pairs were promoted from not conserved (or pathway-level conserved) to protein-level conserved (BRCA1_HUMAN and BRCA1_MOUSE; TOP1_HUMAN and TOP1_DROME). The remaining 17 MEROPS sites either matched our human data, or matched an additional unaligned site.
Mouse and Drosophila data sets: Three mouse cell lines were used: A20, TK-1, and MEFs. Apoptosis was induced in multiple mouse experiments using bortezomib, doxorubicin, etoposide, or staurosporine. Drosophila S2 cells were treated with doxorubicin, cyclohexamide, or actinomycin D. For both species, Cell Titre Glo and Caspase Glo assays from Promega (Madison, WI, USA) were performed on separate experimental samples to confirm that the drugs, concentrations, and time points used induced caspase activation and cell death (data not shown). Cells were harvested at a series of time points surrounding the time of maximal caspase activity, from 4 to 24 h after treatment, and processed with the N-terminal labeling and mass spectrometry protocol described in Agard et al.
14 The data were searched with Protein Prospector (http://prospector.ucsf.edu/prospector/ ms_home.htm). For mouse, the SwissProt database was searched; for Drosophila, the UniProtKB database was searched. The basic workflow is shown in Figure 1a , and results in Supplementary Table 1. C. elegans data set: C. elegans is a classic apoptosis model organism, and has only one functional caspase, CED-3. No C. elegans immortalized cell lines have been established. In a gel-based proteomics study, Taylor et al. 15 identified 22 CED-3 substrates by treating an extract made from homogenized whole worms with recombinant CED-3. Following their protocol, we grew Bristol N2 worms in liquid culture, homogenized them, isolated the soluble protein fraction, and incubated it at room temperature for two hours with a CED-3 preparation made from E. coli. We then subjected the CED-3-digested extract to our in vitro N-terminal labeling protocol, as described 14 ( Figure 1b) . The data were searched with Protein Prospector, using the UniProtKB database. Results are listed in Supplementary Table 1.
Data analysis
Primary structure specificity: We used IceLogo 16 to generate visual representations of sequence specificity for all four species (Figure 2a) . In each case, the appropriate SwissProt or UniProtKB database was used to establish background amino acid frequencies. Synthetic peptide-based experiments suggest a strong preference for Asp at P4 and Glu at P3 for human executioner caspases-3 and -7. 17 In contrast, physiological sets of whole human proteins cut by caspases consistently show weaker sequence specificity, 2, 4, 18 suggesting that sequence alone is not sufficient to explain caspase-substrate recognition in cells. Our data show that this holds true for mouse, Drosophila, and C. elegans as well. The issue of specificity is complicated somewhat by the mixture of different caspases that are active during apoptosis. However, studies focusing on single caspases (including the CED-3 experiment described here) have yielded similar sequence logos to the physiological data sets. 14 As in other proteome-scale studies of caspase substrates, 4, 19 the P1 0 position shows a strong preference for a small amino acid. In all four species, 475% of P1 0 residues are either Ala, Gly, or Ser. This is not a result of bias from the subtiligase N-terminal labeling procedure; subtiligase has a slight bias towards large residues on the labeled N terminus. 20 Secondary structure specificity: Examining predicted secondary structure for the caspase cleavage sites in our data confirms a statistically significant preference for sites that occur in loops. Caspases, like most proteases, require substrate cleavage sites be in an extended conformation while binding to the active site. 21 These sites must therefore either be in loops or in structured regions that are dynamic enough to give caspases reasonable access to subpopulations in unstructured conformations. We used NetSurfP 22 to predict secondary structure for the P4-P4 0 residues surrounding all cleavage sites, and for a background made up of all 8-mers in the same set of proteins with Asp at the P1 position. We observed enrichment in loop structures in all four species (Figure 2b ).
Establishing orthologous relationships:
We next determined the level of conservation of caspase substrates using the strategy shown in Figure 3 . The EggNOG database 23 was used to determine orthologous relationships between caspase substrates in human and those in mouse, Drosophila or C. elegans. We looked mainly at orthologous groups on the metazoan level (called meNOGs), as caspases are restricted to this lineage. 24 The mouse, Drosophila, and C. elegans caspase substrate sets are remarkably highly enriched in proteins whose human orthologs are also known caspase substrates. Table 1 summarizes the results described here, and the full data, including the meNOG and human orthologs associated with each cleavage, are shown in Supplementary Table 1. A total of 216 mouse (84%), 64 Drosophila (49%), and 17 C. elegans (34%) caspase cleavage sites occur in proteins that have human orthologs that are caspase substrates. The sizes of the meNOG group overlaps between all four species are shown in Figure 4a . For 38 mouse, 36 Drosophila, and 22 C. elegans proteins, human orthologs were present in corresponding meNOGs, but these human proteins are not known to be caspase substrates. The remaining 2 mouse, 30 Drosophila, and 11 C. elegans proteins were either not present in any meNOG or were present in a meNOG containing no human members. Considering that the human caspase substrate set makes up only about 7% of the SwissProt human proteome, it is clear that the nonhuman data sets are highly enriched for proteins with human caspase substrates as orthologs.
Alignments: For meNOGs that contained a Drosophila or C. elegans caspase substrate and at least one human caspase substrate, we created multiple sequence alignments using the EINS-i algorithm from MAFFT 25 and examined them using Jalview 2.7 26 to determine relative placement of all caspase cleavage sites. The same procedure was used for mouse substrates, except in cases where the mouse substrate's meNOG contained only one human ortholog substrate. In these cases, most of which had extremely high sequence identity and aligned cleavage sites, we used pairwise ClustalW alignments performed on the UniProtKB website (www.uniprot.org). 27 In only a few of these cases did the cleavage sites not align; for these we repeated the alignment using MAFFT's EINS-i algorithm.
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Caspase sites ** *** *** *** *** Figure 2 (a) IceLogo diagrams depicting primary structure preferences for the P4-P4 0 residues for cleavages following aspartic acid in each of the four species. Letters above the axis indicate residues enriched over background, and letters below the axis indicate residues depleted with respect to background. (b) Secondary structure predictions for the P4-P4 0 residues for cleavages following aspartic acid in each of the four species. L ¼ loop, H ¼ alpha helix, and E ¼ beta sheet. The height of the letter indicates the fraction of sites with the corresponding secondary structure prediction, based on predictions using the NetSurfP server. 18 Top row represents caspase cleavage sites; bottom row represents all 8- Figure 3 Data analysis pipeline. For each caspase cleavage observed in mouse, Drosophila, or C. elegans, we searched the EggNOG database for human orthologs. If the human ortholog found was also present in our human caspase substrate database, an alignment was created to determine whether the orthologs were cleaved at the same site or different sites. If the human ortholog found was not known to be a caspase substrate, we searched IPA's list of 'Canonical Pathways' to determine whether it functioned in any pathway(s) known to be enriched for caspase substrates. Each mouse, Drosophila, or C. elegans protein is thus assigned to one of five categories: (1) no human ortholog (species-specific protein), (2) human ortholog is not known to be a substrate (species-specific caspase cleavage), (3) pathway-level conservation, (4) proteinlevel conservation, or (5) motif-level conservation. Supplementary Table 1 shows all mouse, Drosophila, and C. elegans data, organized into these categories We found that 176 of 217 mouse sites, 15 of 64 Drosophila sites, and 6 of 17 C. elegans sites aligned perfectly with cleavage sites observed in their human orthologs, indicating motif-level conservation. In the remaining cases, the human site was not aligned. For both groups, we compared the P4-P2 and P1 0 -P4 0 sequences for the observed mouse, Drosophila, or C. elegans cleavage site with that of the observed (either aligned or unaligned) human cleavage site. We found that for substrates with motif-level conservation, pairs of cleavage sites shared an average of more than 5.5 out of 7 identical residues (Figure 4b ). In contrast, for substrates with different sites, pairs shared an average of less than 1.5 out of 7 identical residues, suggesting that the majority of sites that are not aligned evolved separately and are not simply the result of one site shifting in the sequence.
We also looked at overall protein sequence similarity between our mouse, Drosophila, and C. elegans substrates and their human orthologs, using pairwise alignments calculated with Jalview. Not surprisingly, proteins with higher percent identity were more likely to share an aligned cleavage site (Figure 4c) .
In cases where the human ortholog either was not a substrate or was cleaved at a different site from the mouse, Drosophila, or C. elegans site, we asked whether the noncleaved aligned site contained the required Asp at the P1 position (Supplementary Table 1 and Figure 4d ). The Asp was conserved in less than 30% of cases for both Drosophila and C. elegans, and less than 60% for mouse. For these cases, we cannot rule out the possibility that the human orthologs are true caspase substrates, but have never been observed (perhaps due to low expression levels in the cell lines used, poor detectability of the peptide, or other factors). But in cases where the essential P1 Asp residue is not conserved in human we are confident in categorizing these cleavage events as having been lost or moved during the course of evolution.
Pathway and function analysis: Our finding that caspase substrate sets are more broadly conserved at the protein level than the motif level led us to ask whether we could detect even broader conservation at the level of functional pathways (Figure 3) . It is known that caspase substrates are more likely to occur in protein-protein complexes with each other than are a randomly selected set of proteins. 4 We reasoned that in many cases caspases could achieve the same functional effect by cleaving one (or more) of several proteins in the same complex or pathway. We used the highly In contrast, when a mouse, Drosophila, or C. elegans protein has a human ortholog with a cleavage site at a different location, the two observed cleavage sites share only an average of between zero and two identical residues (considering the same seven positions). Error bars represent S.D. (c) The protein %ID was calculated for pairwise alignments of each mouse, Drosophila, or C. elegans protein with its closest human ortholog. Pairwise alignments were calculated in Jalview. Triangles represent individual pairwise alignments, while large circles represent the average %ID for each category, with error bars representing the S.D. In some cases, datapoints in the 'not substrate' category may be false negatives (resulting from our human data set being less than fully complete). (d) In cases where the human orthologs were either not known substrates, or were cut at different sites, the Asp residue was conserved between 15 and 65% of the time curated IPA (Ingenuity Pathway Analysis, Ingenuity Systems, Redwood City, CA, USA) analysis software to generate a list of predicted 'Canonical Pathways' that were significantly enriched in our human caspase substrate data set (Supplementary Table 2 ). We asked whether any of the non-substrate human orthologs of mouse, Drosophila, or C. elegans substrates were members of these pathways. Eight out of 39 mouse, 16 out of 36 Drosophila, and 9 out of 22 C. elegans substrates did indeed have non-substrate human orthologs that were members of one or more of these pathways (Supplementary Table 1 ). Although these proteins had no direct human orthologs known to be substrates, they are conserved at the pathway level. Many of these pathways are highly conserved and involved in essential processes such as translation or proteasomal degradation.
One example is the highly conserved EIF2 Signaling pathway (Supplementary Figure 1) . In many cases within this pathway, caspases in more than one species cut the same protein; in other cases, different proteins in the same complex are cut in different species. For example, one component of the eIF4g complex, EIF4G2, is a substrate in Drosophila; the same protein, plus two other members of this complex (EIF4G1 and EIF4G3) are also known human substrates. In the 60 S ribosomal subunit, RPL27 and RPL4 are substrates in Drosophila, but are not known substrates in human. Instead, three different 60S ribosomal subunit proteins, RPL5, RPL17, and RPLP2, are known substrates in human, and RPL5 is a known substrate in mouse.
To examine the important biological functions of caspasecleaved proteins, we looked at GO term assignments for the caspase substrates of each organism. In all four species, there was enrichment in GO terms related to the nucleus, the cytoskeleton, transcription, and nucleic acid binding, consistent with previous GO term analysis on human caspase substrates 4 (Supplementary Table 3 ).
Discussion
The apoptosis pathway appears to be evolutionarily conserved, both phenotypically and molecularly, across all metazoans studied to date, indicating that its basic features were likely present in the last common metazoan ancestor. 6, 24 While the triggers for apoptosis vary depending on species, cell type, and environmental conditions, all apoptotic pathways in all species studied lead eventually to caspase activation, followed by dismantling of the apoptotic cell in a non-inflammatory manner. Here, we begin to globally determine apoptotic caspase cleavage sites in three non-human model metazoans and investigate the evolutionary conservation of the common caspase stage of apoptosis. Our human data set, collected over six years, contains 1444 protein targets; the mouse, Drosophila, and C. elegans data sets are roughly an order of magnitude smaller, reflecting a smaller number of experiments on these species. Furthermore, eight different human cell lines were examined, compared with three mouse cell lines and one Drosophila cell line. Despite the incomplete sampling of the non-human metazoans, we can make meaningful positive comparisons between these smaller sets against the much more complete human data set because the low false positive rate (o3%, data not shown) provides high confidence identification.
All comparative proteomics studies come with a risk of bias towards high-abundance proteins. High abundance tends to be positively correlated with high conservation, 28 so sampling bias towards high abundance proteins might yield a false result of high conservation. However, our experimental technique reduces the impact of this problem. By enriching samples at the tryptic peptide level (leaving only one or a few peptides per protein), our N-terminal labeling method decreases the complexity of the peptide mixture further than traditional methods, diminishing the chance of low abundance proteins being masked by extremely high abundance proteins like actin. In fact, studies using our method in human serum detected proteins with known abundance values spanning six orders of magnitude. 29 Using the PaxDB database, 12,13 we have established high coverage of the abundance range of the caspase substrates identified in our cell line-based human reference data set (Figure 1c) . Therefore, we are confident that abundance bias does not have a large role in our results.
Our results suggest a hierarchical arrangement of conservation, depicted in Figure 5 . Caspases target a specific set of pathways across metazoans in order to complete apoptosis. In some cases, caspases in different species target different proteins within the same pathways. In other cases, the same protein remains a caspase substrate across a broad lineage, and in still other cases, caspases even target the same cleavage site motif in different species. Our data are Figure 5 Results of this study show that caspases tend to recognize and cleave particular motifs only across short evolutionary distances (represented by the human-mouse comparison, spanning o100 million years of evolution 37 ), but that the same proteins will remain targets across longer distances, and the same pathways over even longer distances (represented by the human-Drosophila and human-C. elegans comparisons, both represented by roughly 600 million years of evolution 7 ). Ultimately, the phenotype of apoptosis is conserved across the whole metazoan lineage. A small number of false negatives resulting from our human data set being incomplete would likely only serve to shift all trends depicted in this figure towards higher overall conservation consistent with previous observations that short linear motifs are poorly conserved over evolution, 8 but also show that loss of the short linear motif recognized by caspases is not likely to stop the same protein from being targeted.
Our study has yielded similar conservation patterns to those observed for phosphorylation and transcription factors. Tan et al. 9 used mass spectrometry to identify phosphorylation sites in Drosophila, C. elegans, and yeast, and compared them with known human sites. They found that the set of modifications conserved at the motif level was small, but networks defining relationships between kinases and substrates were conserved more broadly. Additional computational phosphorylation studies have also revealed that motif-level conservation is weaker than protein-level conservation. 30, 31 Studies of transcription factor binding in yeast show a somewhat similar pattern: while DNA binding sites are only modestly conserved, overall regulatory networks and the functions they impact are retained across hundreds of millions of years of evolution. [32] [33] [34] Notably, three studies of single Drosophila caspase substrates have also demonstrated protein level (but not motif level) conservation. [35] [36] [37] Caspases, like all enzymes that catalyze specific posttranslational modifications, face the challenge of recognizing their particular targets in the complex cellular milieu. How caspases achieve this is not well understood. Executioner caspases, like human caspase-3, are functionally polyspecific, meaning that they recognize several otherwise unrelated substrates, and yet are restrained from targeting all Asp sites in all proteins in a digestive manner. 6 The degeneracy of the physiological cleavage site consensus sequence seen in all four organisms (Figure 2a) , plus the higher conservation at the protein level than the motif level, suggest that other factors, such as exosite binding, 38, 39 may influence what is cleaved in cells.
We examined UniProtKB, Flybase, 40 and Wormbase (www.wormbase.org, release WS229) annotations for the 62 Drosophila and 19 C. elegans caspase substrate proteins that are specific to those species, having either no human orthologs, or human ortholog(s) not known to be substrates. Many have little or no functional annotation, but several in both species are either known or predicted to be involved in development (Table 2 ). In Drosophila, three of these proteins function in spermatogenesis, three in neurogenesis, and three in other types of development. Five C. elegans-specific proteins are either known or predicted to be involved in embryo development. Apoptosis is an important aspect of development in all species, but further studies are needed to determine whether these cleavages are relevant to developmental apoptosis. Three of the five C. elegans development proteins are known to be extracellular. It is possible that the caspase cleavages of these proteins are not physiologically relevant, but result from the C. elegans extract being made from whole bodies, rather than a cell line.
Another interesting finding is that three proteins cleaved in Drosophila are all members of the gypsy chromatin insulator complex. This complex regulates accessibility of certain chromosomal regions, 41 so these cleavages are in accordance with the GO analysis showing the tendency for caspases to cleave chromatin-associated complexes (Supplementary Table 3 ).
In aggregate, these studies represent a unique systematic comparison of apoptotic caspase substrates across metazoans, shedding light on what is functionally most important. In all three non-human species, at least half of the substrates identified are conserved with human substrates on either the motif, protein, or pathway level, and given that our human caspase substrate data set is likely not comprehensive, this could be an underestimate. This finding supports the view that a substantial fraction of caspase cleavages do serve important functions that have been conserved by natural selection across 600 million years of metazoan evolution.
Materials and Methods
Cell lines. Mouse Embryonic Fibroblasts (MEFs) were a kind gift from Dr. Richard Flavell. TK-1 and A20 cells were purchased from ATCC (Manassas, VA, USA) and cultured in the recommended media with 10% FBS at 37 1C. When 
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Evolutionary conservation of caspase substratescells were between 1 Â 10 6 and 2 Â 10 6 cells/ml, one of four apoptosis-inducing agents was added (bortezomib, doxorubicin, etoposide or staurosporine). Cells were harvested by centrifugation after 4-24 h, washed once in 1 Â PBS, and then frozen at À 80 1C as pellets.
Drosophila S2 cells were purchased from ATCC and cultured in Schneider's Drosophila Medium from Gibco (Carlsbad, CA, USA) with 10% FBS at 26 1C. At a cell density of 2 Â 10 6 cells/ml, one of three apoptosis-inducing agents was added (doxorubicin, cycloheximide, or actinomycin D). Cells were harvested by centrifugation after 5-24 h, washed once in 1 Â Drosophila PBS (pH 6.7), and then frozen at À 80 1C as pellets.
Both mouse and Drosophila cell lysates were formed by resuspending pellets in an SDS solution containing protease inhibitors (including the pan-caspase inhibitor z-VAD-fmk, to prevent any post-harvest caspase activity) and then sonicating. The N-terminal labeling reaction and mass spectrometry prep was performed as described for apoptotic cells. 14 C. elegans. Bristol N2 worms were obtained from Dr. Cynthia Kenyon at UCSF. They were grown in 250 ml volumes of S Complete Media liquid culture containing streptomycin and the fungicide carbendazim, with daily additions of streptomycin-resistant OP50 E. coli. When worm density reached 100 worms/ml (without regard to worm size or age), and the E. coli was visibly depleted from the culture flasks, the cultures were harvested by centrifugation, washed with M9 buffer, and separated from left over E. coli by centrifuging in 30% sucrose. They were immediately removed from the sucrose, washed three times with M9 buffer, and incubated on a nutator at room temperature for 30 min to allow for digestion of residual bacteria present in the intestine. They were then drip-frozen in liquid nitrogen, and stored at À 80 1C. The frozen worms were homogenized with a large mortar and pestle kept cold with liquid nitrogen. When substantial breakage of worm bodies was observed under a light microscope, the homogenate was collected and mixed with just enough M9 buffer (containing protease inhibitors PMSF, AEBSF, IAM and EDTA) to form a slurry. The slurry was sonicated at 4C, and then passed through low and then high gauge needles. Finally, the cuticles and other insoluble debris were removed by centrifugation, and the extract frozen at À 80 1C until needed. Later, the extract was labeled and processed for mass spectrometry as described for in vitro cleavage assays. 14 The ced-3 gene, with the prodomain (residues 1-220) removed, was cloned from a C. elegans cDNA library (kindly provided to us by Dr. Aimee Kao). The construct was inserted into various vectors with different configurations of His6, GST, and MBP tags at either end. We found in all cases that CED-3 solubility was extremely limited, with the majority of the enzyme lost in the E. coli pellet after lysis by microfulidization or sonication. The best yields came from expression in pPAL7 vector with N-terminal HIS and GST tags, and a single HIS column purification. As further purification methods, and efforts at concentration, led to increased losses, we chose to use a low concentration, semi-pure CED-3 extract for our proteomics experiments. As we did not produce enough enzyme to complete an active site titration, we estimated the concentration of active CED-3 by relating its activity on the peptide substrate DEVD-afc to the activity of a pure human caspase-3 sample of known concentration. The CED-3 extract had a V max of 0.075 mmol/s and a K M of 8.4 mM, which is equivalent to a 200 nM sample of caspase-3 purified in our lab (with
. The CED-3 extract was added to the worm preparation at a 1:10 volume ratio, so the final concentration of CED-3 was equivalent to 20 nM human caspase-3 by activity.
Mass spectrometry. All mass spectrometry data were collected in the UCSF Mass Spectrometry Facility on a QStar Elite from Applied Biosystems (Carlsbad, CA, USA), with the exception of one mouse data set, which was collected on a QExactive instrument kindly made accessible to us by Thermo Scientific (Waltham, MA, USA). Data were searched with Protein Prospector (UCSF Mass Spectrometry Facility). For the human and mouse data, the search library contained only proteins from the SwissProt database. For Drosophila and C. elegans, the highly curated SwissProt database is limited in size, so the broader UniProtKB library was searched instead. For these two organisms, if one peptide could be mapped to either a SwissProt entry or a non-SwissProt UniProtKB entry, then only the SwissProt entry was considered.
Abundance analysis. Data on protein abundance were taken from the integrated human data set from PaxDB version 2.0 (available in the archive section at www.pax-db.org). 13 Primary and secondary structure analyses. Primary structure logos were generated using IceLogo 16 with the appropriate SwissProt or UniProtKB database as background. Secondary structure predictions were determined using NetSurfP. 22 Secondary structure background was based on all 8-mers with Asp in the fourth position (equivalent to P1 position) found in the same set of proteins. The logos for these data were created using the 'Filled Logo' option on the IceLogo server, and significance was determined by w 2 tests.
Orthology and alignments. The EggNOG database was built using nonsupervised clustering methods to assign proteins from 1133 species to over 700 000 orthologous groups. Closely related paralogs in the same species are all represented in the same orthologous group, meaning that in some cases a single protein in one species has more than one ortholog in another species. EggNOG's metazoan orthologous groups (meNOGs) containing the Drosophila and C. elegans proteins found in this study were retrieved from the downloads area of the EggNOG 3.0 website. 23 Each meNOG, if it contained a human protein known to be a caspase substrate, was aligned using the EINS-i algorithm from MAFFT. 25 Trees derived from these alignments were examined by eye to confirm that sequences were well distributed across the metazoan phylogeny. Alignments were then displayed and analyzed using Jalview. For each mouse, Drosophila or C. elegans cleavage site, we assessed four points: (1) whether it aligned with a caspase cleavage site in a human ortholog, (2) the number of residues in common between it and the most similar human caspase cleavage site in the P4-P2 and P1 0 -P4 0 positions, (3) if the sites did not align, whether the P1 Asp of the mouse, Drosophila, or C. elegans cleavage site was conserved in any human ortholog, and finally (4) the pairwise percent identity between the mouse, Drosophila or C. elegans protein and its closest human ortholog. This was calculated with the pairwise alignment tool in Jalview 2.7, which uses the BLOSUM62 matrix and gap opening and extending penalties of 12 and 2, respectively.
In some cases, the mouse, Drosophila, or C. elegans peptide discovered in our mass spectrometry experiments was matched to more than one protein by the Protein Prospector program. We checked each of these peptides individually, and determined that in all cases, the results presented here were the same no matter which protein was chosen.
Pathway analysis. The set of 1444 human caspase substrates was uploaded to Ingenuity Pathway Analysis (IPA) software. A 'Core Analysis' was performed to generate a list of all 'Canonical Pathways' whose genes were significantly over-represented in the human caspase substrate data set, with P valueso0.05 (Supplementary Table 2 ). We then took the list of non-substrate human orthologs for each of the three other species and checked the IPA database to see which, if any, canonical pathways they were associated with.
GO term enrichment was determined using the GO::TermFinder software. 42 Lists of unique proteins were created for each species based on the discovered apoptotic peptides. The data sets were uploaded to the database and tested for enrichment against a background of the organism's SwissProt (mouse) or UniProtKB (Drosophila and C. elegans) database. The mouse, Drosophila and C. elegans tests used all GO evidence codes, and the human test used all evidence codes except ND (No biological data available) and IEA (Inferred from Electronic Annotation). Enriched terms in human sets were defined as those with corrected P-values less than 0.01. The human set was then filtered to remove terms that were not statistically significantly different from untreated background (data not shown, manuscript in preparation).
The significant GO terms in mouse, Drosophila and C. elegans were compared with the top human terms in each ontology. The fold enrichment was calculated for each significant term; the percentage of proteins annotated with each term in the experimental set was divided by the percentage of proteins annotated with each term in the proteome background.
